We have successfully demonstrated optical aperture synthesis at the 4-m Anglo-Australian Telescope. By using a multi-hole mask over the (re-imaged) primary mirror and recording the resulting fringe patterns with high time resolution, diffraction-limited images of sufficiently bright objects can be reconstructed. The data processing uses closure phases to overcome the effects of atmospheric turbulence. We show an image of the double star r\ Oph, with component separation 0745.
Introduction
It is well known that atmospheric turbulence limits the angular resolution of conventional imaging by ground-based optical telescopes to a seeing disc of ~ 1". We are Investigating aperture synthesis as a method for obtaining diffraction limited resolution (~ 0'.'03 for a 4-m telescope). An account of the background to this project was given by Bedding and Robertson (1989, hereafter BR89) . We make use of the fact that the wavefront phase corruption caused by the atmosphere is not large across a seeing cell of size ro $ 10 cm, and that atmospheric effects can be 'frozen' by exposures ^ 10 ms.
Instrumentation
Our instrument is called MAPPIT (Masked APerture-Plane Interference Technique), and is used with the 4-m AngloAustralian Telescope (AAT). It consists of optical components mounted on an optical rail in the west coude room of the AAT. This form was chosen mainly because of the considerable overall length of the instrument (several metres) but it has the added advantage of versatility, since different optical arrangements can readily be set up. There are many practical difficulties to overcome in achieving successful optical aperture synthesis, particularly in using pupil-plane interferometry (BR89). We have therefore used MAPPIT to gain experience with imageplane interferometry (in which a star image, crossed by fringes, is formed on the detector). Figure 1 shows schematically the components used in the observations reported here.
The field lens and collimator re-imaged the pupil (primary mirror) of the telescope to a diameter of 25 mm at a plane 75 mm beyond the collimator. A mask containing four small holes was placed at this pupil plane, giving the equivalent of masking off all the primary except four apertures of diameter 55 mm. The collimated light passing through the holes was gathered by a camera lens and passed through a narrow-band filter (A 501 nm, AA 8nm). It formed an image at the entry to a microscope objective, which cast a magnified image on the detector (the Image Photon Counting System, IPCS). The IPCS, used in 'high speed' mode, read out a 240 x 240 pixel frame every 16 ms. For some of the observations each exposure was reduced to 8 ms by a synchronised rotating shutter at the main focus. Reflection from this shutter was also used to feed a TV guiding camera. An atmospheric dispersion corrector preceded the entire system. Starlight passing through each pair of holes forms a fringe pattern on the detector. Six such patterns were present simultaneously because four holes (with no redundant spacings) were used. The fringe amplitudes were not strongly affected by the atmosphere because the hole size was ^ ro. The fringe phases were corrupted by the atmosphere, but the closure phases, as used in long baseline radio interferometry, were preserved. By rotating the mask, data can be taken at any position angle on the sky. With fringe amplitudes and closure phases from an adequate number of baselines and position angles (the number depending on the complexity of the object), aperture synthesis can be used to form an image.
Observations
Observations of the double star ij Oph were obtained in May 1990 as a test of the method. The components have V ~ 3.0, 3.5, separation0.5" and position angle 247° or 253° (Hirshfeld and Sinnott 1985) .
Two masks were used, one giving effective baselines of 0.16 to 0.94 m in 6 equal steps, the other giving 0.47 to 2.83 m, again in six steps. Three well-spaced position angles were observed for each. The resulting uv coverage is sparse, but adequate for an object with structure as simple as a double star. At each setting 12 500 frames were obtained (200 s runs), with an average of ~ 30 photons per frame. The seeing during the observations was approximately l."l.
Data Reduction
In brief, the data processing involved the following steps: (e) Closure phases can be found using the triple product correlations of photons (e.g., Cornwell 1987). It is known that the optimum integration period for finding closure phases is longer than that for finding fringe amplitudes (e.g., Woan and DuffettSmith, 1988 ). In our data, the optimum signal/noise for triple products was obtained by combining adjacent frames in pairs. A vector average of the triple products was accumulated, using all frame (pairs) in a run. Closure phase was then found as the argument of the complex triple product of the detected photons, evaluated for a particular selected baseline triangle, and allowing for photon bias due to the small number of photons per frame. This process was repeated for each of the four closure phases available from each run. Only three of the four are independent, so least squares fitting was used to calculate the best-fit three independent closure phases. A byproduct of this process was a value of ~ 10° for the rms error of the closure phases in the present data.
(f) Each run resulted in six fringe amplitudes at known points in the uv plane, and three independent closure phases relating those six points. Self-calibration imaging with CLEANing was used to make the image, because there are fewer closure phases than the six baseline phases. A point source was used as the starting model to supply the initial estimate of the baseline phases. For the i;Oph reduction the second star was clearly detected. A self-calibration starting model including both stars was then used to get the best estimate of the intensities of the two objects. No normalisation has been applied to the fringe visibilities to account for the visibility loss due to instrumental and residual atmospheric effects. For the present observation this has only the effect of broadening the beam (point spread function) slightly. The beam is also broadened by the emphasis given to spatial frequencies inherent in combining the data from both short and long baseline masks. Figure 2 shows the aperture synthesis image of i) Oph. The dynamic range of this image is approximately 30:1. We find a separation of 0745 ± 0702 and position angle of 248° ± 2°, in good agreement with the catalogue data. Our limited data are less able to constrain the intensity ratio-the image shown has a magnitude difference of 0.9. The effective resolution achieved in this observation is 0705 x 0707.
Results
This double star has been imaged at a resolution of 0719 by Haniff et al. (1989) using aperture synthesis at infrared wavelengths. They reporteda separation of 0748 ±0701 andposition angle of 252° ± 1°, consistent with our results.
Conclusion
Optical aperture synthesis can be used successfully to remove the blurring effects of the atmosphere, with the restriction that only relatively bright objects can be observed. Similar developments are being made by groups at Cambridge (e.g., Buscher et al. 1990) , Caltech (e.g., Nakajima et al. 1989) and Groningen (Bregman etal. 1988) .
In comparison with speckle interferometry, the method of aperture synthesis using a non-redundant mask promises higher dynamic range and higher angular resolution, but is usable only on brighter objects. (In addition, some methods of processing speckle data produce a symmetrized representation rather than a true image.)
In future runs we plan to make observations using the full spatial resolution (i.e., maximum baseline) obtainable from the AAT, and to observe a range of target objects. We are continuing our investigation of the use of wavelength dispersion and pupil-plane interferometry as methods for gaining additional sensitivity (see BR89).
